The hydrogen reacts with lactic acid to form propionic acid. Pyruvic acid has been isolated from the fermentation of glucose (1934) and of lactic acid (unpublished data) by Wood and Werkman. These investigators supported Van Niel's proposed dissimilation of pyruvic acid inasmuch as the occurrence of acetaldehyde could not be demonstrated. Little information is available concerning the aerobic dissimilation of lactic acid. Virtanen (1923) found that aeration had slight influence on the fermentation while Van Niel reported a considerable increase in acetic acid when he employed vigorous aeration.
As part of a general study of the respiration of the propionic acid bacteria the present investigation was conducted on the aerobic dissimilation of lactic acid. The experimental technic is unusual in that both the oxygen consumed and the final products have been determined. The bearing of the results on the mechanism of the propionic dissimilation is discussed.
METHODS
Micro-manometric technic using Barcroft-Warburg constantvolume manometers was used in preliminary investigations (Dixon, 1934) . The bacteria were grown at 30'C. for 3 to 6 days in a medium of yeast extract (Difco) 0.4 per cent and glucose 1.0 per cent. They were washed three times in saline solution. One milliliter of bacterial paste was added to 9 ml. of saline and kept at 6VC. overnight before use. Two milliliters of a mixture of 12 ml. of 0.15 M phosphate buffer, 2 ml. of 1.6 per cent lactic acid, and 2 ml. of bacterial suspension were used in the reaction flasks. The solutions were autoclaved at 15 pounds for 5 minutes and the manometer flasks sterilized with chromic acid. The temperature of the bath was 30'C. The flasks were oscillated continuously 100 times per minute through a 5 cm. amplitude.
The macro-respirometer method as described by Wood, Erb and Werkman (1936) was used to make a complete quantitative study of the dissimilation. In order to obtain a large yield of organisms NaHCO3 (0.5 per cent) was used as buffer. The bacterial mass obtained by centrifuging was either suspended in phosphate, aerated 12 hours, and then recentrifuged or the mass was used without washing or further treatment. Five grams of the bacterial paste were suspended in 500 ml. of medium consisting of 0.15 M potassium phosphate buffer at pH 5.6 and 0.7 per cent lactic acid neutralized with NaOH solution to the same pH. Incubation was at 30'C. and for 31.5 hours in experiment 1, and for 68.5 hours in experiments 2 and 3.
The lactic acid was determined by the Friedemann and Kendall (1929) method after clarifying with phosphotungstic acid. Pyruvic acid was determined by the iodoform method (Wendel, 1932) (1933) . The steam distillate was concentrated and redistilled to eliminate pyruvic acid from the volatile acid fraction. CO2 was determined by titration or direct measurement as described by Wood and Werkman (1935) . Purity of all cultures was verified at the conclusion of the experiment. The results using the macro-respirometer and with complete determination of the products are shown in table 3. Table 4 shows the rates of dissimilation of lactic acid and corresponding formation of products. In this experiment (table 1) the lowest pH (5.35) gave the largest oxygen uptake and CO2 production. Data not shown indicate that the dissimilation falls off abruptly at lower pH values and also that the optimal pH for the production of C02 from lactic acid under anaerobic conditions is in the same range. These values are quite different from those for optimal growth The introduction of the enzyme (bacterial suspension) into a solution of lactic acid would lead to the establishment of the equilibrium by formation of pyruvic acid. If oxygen acts as the hydrogen acceptor the ratio CO2:02 would be 0 increasing to 1 upon oxidation of the pyruvic acid to C02 and acetic acid. In experiment 2, part 1, 47.6 per cent of the oxygen consumed was utilized in the first hour suggesting a rapid formation of pyruvic acid. Following this the C02 production and the ratio of CO2:02 increased indicating that the accumulated pyruvic acid may have been dissimilated to acetic acid and CO2. The final value of the ratio approaches that for the oxidation of lactic acid to acetic acid and CO2. In part 2, it is probable that pyruvic acid accumulated without significant destruction. It is evident that the above suggestions based only on a knowledge of the gaseous products are in need of confirmation. For this reason the quantitative determination of all products was made using the macro-respirometer. Results are given in table 3. It was proven that pyruvic acid is a product of dissimilation. The acid was identified by preparation of the 2 ,4-dinitrophenylhydrazone. Melting point, 2130C.; m.p. of authentic preparation 2130C.; mixed m.p. 2130C. With these new facts it is evident that the function of pyruvic acid as an intermediate in the propionic acid fermentation may be considered well established, for the acid has been isolated by two independent methods (sulfite fixation (Wood and Werkman, 1934) and aerobic dissimilation).
The data in table 3 are of interest from another point of view. The authors have not found in the literature an investigation of an aerobic dissimilation in which the substrate fermented, products formed and oxygen utilized were quantitatively determined, permitting calculation of the carbon balance and redox index under aerobic conditions. In the calculation of the redox index it was assumed that the oxygen is reduced to water. The balances confirm this assumption and hydrogen peroxide was not detected.
Aerobic experiments often have been unsatisfactory when compared to anaerobic for they have lacked the completeness of the latter. In anaerobic experiments, since hydrogen donators or acceptors other than those of the substrate are not involved, there are formed equivalent quantities of oxidized and reduced compounds. In aerobic experiments the functioning of oxygen as a hydrogen acceptor complicates calculations. In the present experiments we have overcome this difficulty by determining the oxygen utilized. One can thus account quantitatively for the effect of the oxygen and calculate oxidation-reduction balances.
The mechanism of the aerobic fermentation of lactic acid appears to be substantially the same as in anaerobic dissimilation with the exception that oxygen acts as the hydrogen acceptor thus causing a decreased production of propionic acid. The acetic acid and CO2 occur in practically equal molar quantities in 2 cases (table 3) indicating that the pyruvic acid is oxidized to acetic acid and CO2 and that there is no oxidation of the propionic and acetic acids to CO2. In experiment 2 the CO2 is not equivalent to the acetic acid. Possibly in this case some CO2 was utilized synthetically as observed in glycerol fermentation (Wood and Werkman, 1936 as in experiments using the micro-respirometer. The lactic acid fermented and pyruvic acid formed were also determined. At the conclusion there was a large quantity of pyruvic acid present but its breakdown was slight as shown by the small increase in the quantity of CO2 in the latter part of the experiment.
SUMMARY AND CONCLUSIONS
Experimental results obtained by gas measurements show that the propionic acid bacteria utilize oxygen in their dissimilation of lactic acid. The most favorable pH for oxygen uptake was found to be 5.3 to 5.6. Pyruvic acid was shown to be a product of the dissimilation under the conditions of our experiments. Products of the dissimilation of lactic acid and the oxygen utilized were quantitatively determined and carbon and oxidation-reduction balances calculated thus offering more complete information on the mechanism of aerobic dissimilation of lactic acid by propionic acid bacteria.
